Diabetic nephropathy (DN) is the most common cause of ESRD in the developed world, yet the underlying pathogenic mechanisms are poorly understood. As DN progresses, extracellular matrix (ECM), which includes collagen IV, is deposited in the mesangium, causing gradual obliteration of glomerular capillary loops and progressive decline in glomerular filtration. Hyperglycemia induces these changes by several mechanisms, including increased oxidative stress and excessive formation of advanced glycation end products (AGEs). 1 AGE formation in renal ECM proceeds through several major nonenzymatic reactions. Glucose reacts with the protein amino groups via a nonoxidative rearrangement to form Amadori adducts ( Figure 1A ). Free glucose and Amadori protein adducts can undergo oxidative degradation to form carboxymethyllysine (CML) 2,3 ( Figure 1A ). Pyridoxamine (PM), which blocks oxidative pathways, inhibits formation of CML but not the Amadori adduct 4 ( Figure 1A ). Another source of AGEs is carbonyl stress, which is characterized by an increase in circulating and tissue levels of reactive carbonyl compounds such as methylglyoxal (MGO) 5 ( Figure 1B ). Unlike glucose, which reacts with protein lysine residues, MGO preferentially forms arginine adducts (e.g., hydroimidazolone MG-H1 6 ) ( Figure 1B ). In diabetes, modifications of ECM are significantly increased, with CML and MG-H1 being among the most abundant detected AGE adducts. 3, 7 Glucose can directly affect mesangial cells by altering integrin receptor expression 8 or modulating various signaling cascades. 9 Circulating AGE-albumin also causes mesangial cell damage by affecting cell growth and collagen expression. 10 However, the cellular effects of ECM modifications may be different from the direct cellular toxicity of glucose, reactive carbonyl species, or circulating glycated albumin. Moreover, because these modifications accumulate on long-lived ECM proteins such as collagen IV, their effects would continue long after the levels of glucose and other cir-culating pathogenic factors are normalized. Thus, AGE modification of ECM proteins may contribute independently to DN pathogenesis. There are only a few studies describing the effects of glycated ECM on glomerular cell functions, and the mechanisms involved are poorly understood. [11] [12] [13] In this manuscript, we report the distinct cellular effects of different AGE modifications of ECM for the first time and propose the underlying mechanisms.
We initially prepared and characterized MGO-or glucose-modified collagen IV. When collagen IV was incubated with 1 M MGO, modification of arginine residues to MG-H1 was detected at 4 d and significantly increased at 30 d (Figure 2A ). MG-H1 formation directly correlated with MGO concentrations between 1 and 100 M MGO ( Figure 2B ). Importantly, incubation with 100 mM glucose did not produce any MG-H1 modifications (Figure 2A ), indicating that no significant MGO accumulation occurred because of potential oxidative glucose degradation. In contrast, exposure of collagen IV to 30 and 100 mM glucose for either 4 , which is consistent with the ability of PM to inhibit post-Amadori oxidative steps of CML formation. 4 Thus, we prepared three physiologically relevant modifications of collagen IV: nonoxidative early glycation modification (Amadori adduct), oxidative AGE modification (CML), and MGO-derived modification (MG-H1).
Because glycation affects the overall charge of protein macromolecules, we determined whether Amadori and CMLmodified proteins demonstrated these characteristics. Because the high molecular weight of collagen IV makes it difficult to visualize charge alterations, we made Amadori-and CML-modified albumin and subjected them to nondenaturing gel-electrophoresis, which generally separates protein isoforms according to their surface charge density. As expected, negative charge and corresponding electrophoretic mobility increased from unmodified albumin to Amadorialbumin to CML-albumin ( Figure 2E ).
To determine the effects of these modifications on specific mesangial cell functions, modified collagen IV was prepared using pathophysiological concentrations of either glucose (5 to 30 mM) or MGO (1 to 10 M), 5, 14 and supraphysiological concentrations to confirm our results. Cell adhesion to MGO-modified collagen IV was significantly inhibited compared with unmodified collagen ( Figure 3A) . The degree of inhibition correlated with the degree of modification of arginine residues to MG-H1 ( Figure 2B ). In contrast, cell adhesion to glucose-modified collagen IV, which contained lysine modifications to CML, was not affected even after 45 d of collagen exposure to high concentrations of glucose ( Figure 3B ).
The role of modified collagen IV on cell proliferation was analyzed by either thymidine incorporation or direct cell counts. In contrast to the cell adhesion results, MGO-modified collagen did not alter mesangial cell proliferation ( Figure  3 , C and E); however, cell proliferation was inhibited on CML-collagen after only 4 d of modification (Figure 3 , D and F). The presence of the CML moiety was critical, because no inhibition was observed when CML formation was blocked by PM ( Figure 3 , D and F). Next, we determined whether the cell growth inhibition is due to induction of cytotoxic oxidative stress or increased apoptosis. Cells grown on unmodified collagen IV had a very low level of apoptosis, which was unchanged when cells were grown on any of the modified collagens (Supplemental Figure S1A) . Similarly, none of the collagen IV modifications altered cellular reactive oxygen species (ROS) production (Supplemental Figure  S1B) .
Compared with unmodified collagen, collagen IV modified with MGO for only 4 d significantly inhibited cell migration ( Figure 4A ). Cell migration was also inhibited on CML-collagen, albeit only after a 45-d modification with glucose ( Figure 4B ). Blocking CML formation using PM ameliorated this inhibitory effect ( Figure 4B ). Because elevated glucose levels can directly affect ECM deposition/production by mesangial cells, 15 we determined whether glucose-and/or MGO-modified collagen IV alter colla- gen IV production by mesangial cells. Cells plated on glucose-modified collagen IV produced more collagen IV than cells plated on unmodified or MGOmodified collagen IV ( Figure 4C ). This effect was prevented when CML formation was inhibited using PM ( Figure 4C ). The specific mechanisms by which AGE modification of ECM can contribute to DN are unknown. The classical hypothesis suggests gradual loss of proteolytic digestibility of renal matrices due to glucose-derived AGE crosslinking. 16, 17 More recently, we proposed that perturbation of glomerular cell interactions with the underlying ECM may play an important role in the development of diabetic renal pathology. 18, 19 In this context, cell adhesion to collagen IV can be inhibited by MGO-induced noncrosslink modifications of specific arginine residues in the integrin binding sites of this ECM protein. 18 The disruption of these integrin-ECM interactions is important in DN pathogenesis because diabetic mice lacking integrin ␣1␤1, a major collagen IV receptor, develop more severe glomerular scarring than diabetic wild-type mice. 19 This mechanism is consistent with inhibition of mesangial cell adhesion and migration by MGO-modified collagen ( Figures 3A  and 4A) .
In contrast, the fact that glucosemodified collagen IV inhibited cell proliferation and induced endogenous collagen synthesis but did not affect cell adhesion suggests a different mechanism, which is dependent upon modifications of lysine residues to CML ( Figure  3 , B, D, and F and Figure 4C ). Integrin ␣1␤1 is unlikely to be involved because glucose-modified collagen IV equally affected the growth of wild-type and integrin ␣1-null mesangial cells. 19 This notion is also consistent with our observation that modification of collagen arginine residues by MGO had no effect on either cell proliferation or collagen synthesis (Figure 3 , C and E and Figure 4C ).
The inhibition of cell proliferation observed in this study may be due to changes in the electrostatic charge density on collagen upon glycation because increased negative charge of the underlying substrata can inhibit cell proliferation. 20 The mechanism is unknown and may involve receptors that can be activated by anionic ligands. 10, 21 Thus, we propose that increased negative charge because of increased CML content in glycated collagen IV results in inhibition of mesangial cell proliferation. Blocking CML formation using PM diminished the negative charge of glycated collagen and protected cell proliferation. Because MG-H1, like the Amadori adduct, is an electrostatically neutral moiety, modification of arginine residues by MGO does not affect cell proliferation.
Interestingly, we did not detect any effects of collagen IV modifications on apoptosis or ROS levels in mesangial cells. This is contrary to the reported effects of at 37ЊC. Plates were washed and either MG-H1 or CML modification of collagen IV was determined by ELISA as described in the Concise Methods section. In all figures, data are shown as a mean Ϯ SD (n ϭ 4). *P Ͻ 0.05, MGO versus no MGO or glucose versus no glucose. (E) Modified albumin was prepared as described in the Concise Methods section and subjected to nondenaturing PAGE followed by Coomassie blue staining. The scheme shows the -amino group of lysine and its modifications by glycation and glycoxidation reactions in the corresponding samples; the theoretical electrostatic charge of each group at physiologic pH is also shown. Amadori intermediate is depicted in the most prevalent pyranose configuration.
BRIEF COMMUNICATION www.jasn.org free glucose, free MGO, or soluble AGEalbumin on these parameters in mesangial cells. 19, [22] [23] [24] The absence of these effects in our study suggests that these diabetic factors induce their cellular effects independently of their ability to modify collagen IV.
In conclusion, we suggest that in the diabetic milieu, glucose-and MGO-derived modifications of ECM proteins make distinct contributions to development of characteristic DN glomerular lesions via perturbation of glomerular cell-matrix interactions. It has been suggested that hyperglycemia causes early but transient mesangial cell proliferation followed by a decrease in proliferation and development of cell hypertrophy. 25 We propose that the anti-proliferative effect observed after the exposure of mesangial cells to high glucose for prolonged periods is due in part to oxidative modification of ECM lysine residues to CML and the increase in overall anionic matrix properties. This modification also induces collagen synthesis by mesangial cells, thus contributing to mesangial matrix expansion. Furthermore, MGO modification of ECM arginine residues disrupts integrin-dependent cell-matrix adhesions, 18 thus exacerbating mesangial cell dysfunction. The same mechanism may potentially induce podocyte detachment from the glomerular basement membrane, a condition thought to contribute to proteinuria in DN. 26 
CONCISE METHODS

Materials
Glucose was purchased from Invitrogen (Carlsbad, CA). MGO, mouse type IV collagen, PM dihydrochloride, and BSA were purchased from Sigma-Aldrich (St. Louis, MO. Dihydroethidium was purchased from Molecular Probes (Eugene, OR).
Cell Culture
Conditionally immortalized mouse mesangial cells were propagated in DME medium supplemented with 10% FBS, 100-U/ml penicillin, 100-g/ml streptomycin, and 100-U/ml and interferon-␥ at 33°C. 19 For experiments, cells were cultured in the above medium without interferon-␥ at 37°C at least for 4 d before use, because this is the optimal time for immortalized mesangial cells to acquire a phenotype similar to that of freshly isolated primary mesangial cells (i.e., elongated vimentin-positive cells). 19 
Preparation and Characterization of Glucose-and MGO-Modified Proteins
Ninety-six-well plates (Nunc, Rochester, NY) or Transwell filters (8-m pores, Corning Ware) were incubated overnight with collagen IV (20 g/ml in PBS) at 4°C. Plates or Transwells were washed twice with 150 mM sodium phosphate buffer, 0.05% sodium azide (pH 7.5) and incubated in the same buffer with or without different concentrations of either MGO or D-glucose. To prepare Amadori-modified collagen IV, incubation buffer was supplemented with 20 mM PM to trap protein-Amadori intermediate and prevent oxidative CML formation in the presence of D-glucose. 4 Incubations were carried out for 4, 30, or 45 d in the dark at 37°C. No protein desorption was detected after different treatments as determined by alkaline phosphatase competition assay 27 (data not shown). Plates were then washed to remove free reagents, and CML residues were determined by ELISA using polyclonal anti-AGE antibody R618, which recognizes protein-CML as an antigenic epitope. 28 Modification of collagen arginine residues to MG-H1 was determined using monoclonal antibody 1H7G5, (a gift from Dr. Michael Brownlee, Albert Einstein University, Bronx, NY 29 ).
Albumin-Amadori intermediate was pre- Figure 3 . Effect of MGO and glucose-modified collagen IV on mesangial cell adhesion and proliferation. Ninety-six-well plates were coated with collagen IV and modified with (A, C, and E) MGO, or with (B, D, and F) glucose or glucose and 20 mM PM at 37ЊC as described in Figure 2 . After washing, (A and B) cell adhesion or (C through F) cell proliferation was determined as described in the Concise Methods section. *P Ͻ 0.05 (n ϭ 4), MGO versus no MGO, or glucose versus no glucose; **P Ͻ 0.05 (n ϭ 4), glucose ϩ PM versus glucose. pared in the presence of 100 mM glucose and 20 mM PM as described earlier; 4 albumin-CML was prepared using glyoxylic acid under reducing conditions. 3 A degree of albumin modification was determined using previously described analytical methods 4, 30 and was similar in both samples (0.40 and 0.36 mol/mol of lysine for albumin-Amadori and albumin-CML, respectively).
Adhesion Assay
Ninety-six-well plates coated with either Dglucose-or MGO-modified collagen IV were prepared as described above. Plates were washed with PBS and incubated with 1% BSA in PBS for 60 min to block nonspecific adhesion. Adhesion assays using 100 l/well of single-cell suspensions (5 ϫ 10 4 mesangial cells/ml) were performed as described previously. 19 
Proliferation Assay
Ninety-six-well plates coated with either Dglucose or MGO-modified collagen IV were prepared as described above. Mesangial cells (5 ϫ 10 3 /well) were plated in DME medium containing 2% FCS. The cells were incubated with 3 H-thymidine (1 Ci/well) 2 d after plating and then pulsed for an additional 48 h. Cells were then processed as described previously. 19 Alternatively, 2 ϫ 10 5 cells were plated onto 6-well plates coated as described above in DMEM containing 2% FCS. The cells were trypsinized 2 d later, washed once with complete medium, suspended in 1 ml of DME medium containing 2% FCS, and counted using a hematocrit chamber.
Migration Assay
Transwell filters (8-m pores, Corning Ware) coated with either D-glucose-or MGO-modified collagen IV were prepared as described above. The filters were subsequently blocked with 1% BSA in PBS to inhibit nonspecific migration, and the bottom well was filled with 500 l of serum-free medium. Mesangial cells (5 ϫ 10 4 in 300 l of serum-free medium) were added to the upper well and incubated for 6 h at 37°C. Cell migration was determined as described previously. 19 
Apoptosis Assay
Cells were seeded onto 96-well plates (10 4 cells per well) coated with either unmodified or modified collagen IV and incubated for 24 h at 37°C. In separate incubations, cells were treated with 100 M cisplatin for 24 h and used as a positive control for apoptosis. Apoptosis was quantitated using Roche Cell Death Detection ELISA PLUS kit following the manufacturer's protocol. Briefly, plates were centrifuged at 200 ϫ g for 10 min and supernatant was carefully removed. Cells were then lysed with 200 l of Roche lysis buffer for 30 min at room temperature and centrifuged again at 200 ϫ g for 10 min. Aliquots of the supernatant (20 l) were transferred to the Roche streptavidin-coated plates, and fragmented DNA was detected by ELISA using appropriate controls according to the manufacturer's protocol.
Detection of ROS
ROS in mesangial cells were measured using dihydroethidium probe. Briefly, 1.5 ϫ 10 5 mesangial cells were plated in 6-well plates coated with either unmodified or modified collagen IV in DME medium containing 1% FCS. After 48 h, cells were incubated for 2 h in serum-free medium containing 1 M dihydroethidium. Cells then were washed, trypsinized, and dihydroethidium fluorescence (emission 510 nm/excitation 590 nm) was analyzed by FACS as described previously. 19 
Analysis of Endogenous Collagen Synthesis
Mesangial cells (1.5 ϫ 10 5 ) were plated in 6-well plates coated with either unmodified or modified collagen IV in DMEM containing 1% FCS. After 72 h, the cells were washed with PBS and incubated with 100 l of lysis buffer (50 mM Tris, pH 7.4; 150 mM sodium chloride; 1% Triton-X-100; 1% deoxy- were plated on the top of Transwell membranes and cell migration was determined after 6 h at 37ЊC as described in the Concise Methods section. (C) Mesangial cells were plated on unmodified or modified collagen IV for 72 h. The levels of intracellular collagen IV were determined in total cell lysates by Western blot using anti-collagen IV antibody. Membranes were subsequently incubated with anti-FAK antibody to verify equal loading. Collagen IV and FAK bands were quantified by densitometry analysis, and the collagen IV signal was expressed as the collagen IV-to-FAK ratio. *P Ͻ 0.05 (n ϭ 3), MGO versus no MGO, or glucose versus no glucose; **P Ͻ 0.05 (n ϭ 3), glucose ϩ PM versus glucose. cholate) for 10 min at 4°C. The cell lysates were gently collected and used for Western blot analysis as described below. Plates coated with collagen IV but without cells were incubated with lysis buffer as negative controls.
Western Blot Analysis
An equal amount (20 g/lane) of cell lysates from cells incubated on unmodified or modified collagen IV as described above were run onto a 10% SDS gel and subsequently transferred to nitrocellulose membranes. Membranes were incubated with mouse anti-collagen IV (Biodesign) and anti-FAK antibodies (Cell Signaling) followed by the appropriate horseradish-peroxidase-conjugated secondary antibodies. Immunoreactive bands were identified using enhanced chemiluminescence.
Statistical Analysis
Data were expressed as means Ϯ SD, and statistical analysis was performed using the t test for unpaired samples or ANOVA followed by post hoc Newman-Keuls comparisons. Differences were considered statistically significant if P values were less than 0.05.
